We use three large normal fault arrays in the northeastern Basin and Range Province, western United States, to document catchment development and relief production during fault growth. Fault slip and slip rates increase systematically along strike from zero at the fault tips. Catchment relief and across-strike range width both increase as slip accumulates but reach maximum values at a distance of ϳ15 km from the fault tips and remain uniform along strike over much of the footwalls. Catchment outlet spacing also increases away from the fault tips but does not reach a uniform value and may vary by a factor of 5-6 along strike. We infer that catchments first elongate in the across-strike direction as slip accumulates and the range half-width increases. Once the half-width reaches its maximum value, continued catchment growth is possible only by along-strike capture, which increases outlet spacing but not relief. The close correspondence between catchment relief and range half-width suggests that geomorphically limited hillslope and channel gradients are achieved within the 15 km tip zone. Thus, the limiting factor in footwall development is the width of the range, which is controlled by two external agents: the geometry and spacing of the major faults, and the elevations of base level on both flanks.
INTRODUCTION
The geomorphic response of Earth's surface to lithospheric deformation is a fundamental research problem in studies of landscape evolution, but efforts to resolve it are commonly frustrated by our inability to characterize the three-dimensional deformation field that drives landscape development. One approach to this problem is to study the growth of simple discrete structures for which the deformation field can be readily defined. This permits direct and quantitative relation of topography to fault displacement, which is a crucial first step in understanding the topographic response to tectonics. However, measurement of the displacement field around growing structures is difficult over relevant time scales. Here we take advantage of the fact that faults show predictable along-strike variations in slip (Cowie and Scholz, 1992; Dawers et al., 1993; Bürgmann et al., 1994; Gupta and Scholz, 2000; Manighetti et al., 2001 ) and, moreover, slip rate (Cowie and Roberts, 2001; Roberts and Michetti, 2004) . Because large faults propagate by interaction and linkage of segments (e.g., Cartwright et *E-mail: densmore@erdw.ethz.ch. al., 1995; Dawers and Anders, 1995; Dawers and Underhill, 2000; McLeod et al., 2000) , fault tips undergo less slip and lower slip rates than the strike centers (e.g., McLeod et al., 2000; Cowie and Roberts, 2001) .
In a previous paper (Densmore et al., 2004) , we showed that footwall relief is nearly uniform along several large normal faults in the northeastern Basin and Range Province, western United States, and decays smoothly to zero at the fault tips over a distance of ϳ15 km. Densmore et al. (2004) hypothesized that this uniform relief is decoupled from the fault slip profile outside the 15 km tip zone. If most of the slip has accrued since linkage of these fault arrays, then we can examine the progressive development of the footwall using distance from the fault tip as a proxy for increasing slip rate (e.g., McLeod et al., 2000) . In this paper we use observations of catchment morphology from three large footwall ranges to show how footwalls evolve in the face of increasing slip rate, and we argue that footwall relief is a simple function of fault geometry and spacing, modulated by base level and perhaps limited by geomorphic processes and rock mass strength.
THROW PROFILES IN THE NORTHEASTERN BASIN AND RANGE
We focus on footwall topography developed on the normal-slip Beaverhead, Lemhi, and Lost River faults in the northeastern Basin and Range (Fig. 1A) . All three faults are 140-150 km long and are composed of multiple linked segments. The faults appear to have largely reached their present extent by ca. 6 Ma Anders, 1994; Anders and Schlische, 1994) , so we are confident in using distance from the southeastern fault tips as a proxy for slip rate in examining catchment morphology and footwall evolution.
Along-strike variations in fault throw in the study area are relatively simple (Fig. 1B) . Because we are interested in the geomorphic response to surface offset, we take the fault tips to coincide with the southeastern limits of the three footwall ranges (Fig. 1A) . There is evidence for extensional fracturing in the Snake River Plain beyond the southeastern tip of the Lost River fault (Kuntz et al., 2002) , but surface offsets are limited to a few meters and no similar structures are observed southeast of the Lemhi or Beaverhead faults. Throw data for the Beaverhead and Lemhi faults, although sparse, are remarkably consistent with the better-constrained throw profile of the Lost River fault (Fig. 1B) . Maximum throws are ϳ4-6 km, yielding a cumulative throw/length ratio for these faults of 0.03-0.04 (Densmore et al., 2004) , very close to the global ratio of ϳ0.03 of Schlische et al. (1996) . The throw profiles are skewed toward the southeastern fault tips, with maximum values within 30-50 km of the tips. This skew could arise from variation in crustal properties (e.g., Bürgmann et al., 1994) , subsidence of the Snake River Plain (McQuarrie and Rodgers, 1998) , or from asymmetry in the long-term development of the faults (e.g., Manighetti et al., 2001) . Older footwall topography and lithological contrasts inherited from earlier extensional episodes complicate the present landscape, particularly at the northwestern fault tips (e.g., Crone and Haller, 1991; Janecke et al., 2001 ). For simplicity, we focus on the southeastern 80 km of each footwall, where there is a clearly defined relationship between topography and the currently active faults.
CATCHMENT GROWTH DURING SLIP ACCUMULATION
We measure basic catchment properties as a function of along-strike position, including relief from the fault to the drainage divide, range half-width, and outlet spacing. These measurements allow us to quantify alongstrike changes in the shape of the catchments and the geometry of the footwall (see Data Repository 1 ). We show results only from catchments that extend to the drainage divide, as these catchments define the topography of the entire footwall.
Catchment relief in all three footwalls increases monotonically from zero over the first ϳ15 km from the fault tips (Densmore et al., 2004) . This increase in footwall relief was interpreted by McQuarrie and Rodgers (1998) as due to subsidence of the Snake River Plain; however, similar patterns are observed in ranges that are not adjacent to the plain, including the Red Rock and Blacktail Ranges in Montana (Densmore et al., 2004) . The increase in relief is mirrored by a smooth increase in the half-width of all three ranges over the same 15 km length scale ( Figs. 2A-2C ). Beyond this tip zone, both relief and halfwidth are relatively uniform for 65 km along strike and appear to covary with each other. The strong along-strike correlation between relief and half-width is reflected in the nearlinear relationship for each footwall, which persists up to the maximum values of relief (Fig. 2D) . Catchment outlet spacing is also low where relief is low, near the fault tips, and increases toward the strike centers. However, the increase is not limited to the same 15 km tip zone, and outlet spacing increases more slowly than half-width with increasing relief 1 GSA Data Repository item 2005085, Measurement of footwall catchment morphology, is available online at www.geosociety.org/pubs/ft2005.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140, USA. (Fig. 2E) . Because of this, outlet spacing is proportional to relief near the fault tips, but it can deviate from this relationship by as much as a factor of 5-6 at higher values of relief (Fig. 2E) . Part of this variation is explained by footwall lithology; as noted by Densmore et al. (2004) , the largest catchments in all three footwalls (Fig. 1A) are cut into sedimentary fills of older hanging-wall basins. However, this coincidence does not lead to increased footwall relief.
DISCUSSION AND CONCLUSIONS Implications for Catchment Growth
Because range half-width and outlet spacing are measures of catchment size in the acrossstrike and along-strike directions, respectively, their relationships show how catchments grow with increasing fault slip. We infer a two-stage process of catchment growth in the study area (Fig. 3) . In the first stage, half-width and outlet spacing both increase with increasing footwall relief. However, because half-width increases more rapidly than outlet spacing (Figs. 2D, 2E), initial catchment growth is primarily by elongation in the across-strike direction (Fig. 3A) .
The first stage persists until footwall relief reaches its maximum value of 1000-1500 m, which occurs ϳ15 km from the fault tip (Densmore et al., 2004 ) and corresponds to a transition to uniform half-width ( Fig. 2A) . In the second stage of catchment growth, the relatively invariant half-width means that any further enlargement must occur by alongstrike drainage reorganization and drainage area competition (e.g., Ellis et al., 1999) . This results in increased catchment area and thus outlet spacing, but no change in relief or halfwidth (Fig. 2D) .
Thus, catchment growth does not appear to be a self-similar process, in the sense that a constant aspect ratio of catchment length to width is not maintained during slip accumulation. Instead, catchment growth is dominated first by elongation in the across-strike direction, followed by widening in the along-strike direction (Fig. 3) . Frankel and Pazzaglia (2005) inferred a similar evolutionary history for footwall catchments on the basis of ratios of catchment volume to area.
External Controls on Range Width and Relief
Why is relief so uniform along strike in these footwalls? The southern limit of valley glaciation in all three ranges is to the north of the 15 km tip zone, so glacial erosion is unlikely to be the cause of limited relief (e.g., Brocklehurst and Whipple, 2002) . The spatial correlation between catchment relief and range half-width ( Figs. 2A-2C) shows that relief and half-width are inextricably linked during the evolution of footwall topography in the study area. The simplest explanation is that footwall relief is a geometric consequence of the available space within the footwall, which is controlled by the half-width. Any increase in relief requires a concomitant increase in half-width. This depends critically on the establishment, within the 15 km tip zone, of hillslope and channel gradients that are geomorphically limited by the conspiracy of rockmass strength and local climate. If this were not true, footwall relief could continue to grow beyond the 15 km tip zone-even with fixed width-through steepening of hillslopes and channels. Because relief stops increasing at the same point that half-width stops increasing, gradients in the catchments must have already achieved maximum values (Densmore et al., 2004) . This could occur through a transition to more efficient erosional processes, such as bedrock landsliding (Burbank et al., 1996) and debris flows, driven by higher slip rates away from the fault tip. The occurrence of such a process transition within the 15 km tip zone is a testable prediction of our model.
What determines the range width? We suggest two primary controls (Fig. 4) : the width of the tectonic topography created by fault slip, and the position of base level on either side of the range. The width of the tectonic topography is determined by the geometry and spacing of the faults. Observations and elastic models of coseismic slip on the Lost River fault show that the width of the uplifting footwall is a function of fault dip and thickness of the seismogenic layer ( Fig. 4A ; Stein and Barrientos, 1985) . Faults with closely spaced neighbors, such as the Lemhi fault, have even narrower tectonic topographies than isolated faults because of interference between the displacement fields ; this represents an extra constraint on the space available for footwall topography. In turn, the width of the tectonic topography may not match the width of the resulting range because of the influence of base level on both flanks of the footwall (Fig. 4B) . The widths will be equal only if the prefaulting surface is horizontal and is maintained as regional base level on both flanks of the range. If base level is raised, then the resulting deposition will bury part of the tectonic topography, leading to a decrease in range width. Variations in base level on the rear flank of the footwall, opposite the fault, will be particularly effective at changing range width because of the low gradient in the displacement field (Fig.  4B) . Because base level is in part determined by sediment supply from the footwall, there are complex links between slip accumulation, erosion and mass transfer, base-level change, and footwall relief.
We propose a model of footwall evolution in the study area in which the width of the range grows with increasing fault slip and slip rate until it is limited by fault spacing and base level in adjacent basins. Footwall relief increases as the range gets wider, but once the range width is limited, relief can no longer continue to increase, perhaps because of geomorphically limited gradients. Beyond this point, footwall morphology is decoupled from along-strike variations in slip rate. Thus, both mountain range width and relief are controlled by the geometry and spacing of the faults, overprinted by the effects of base level in adjacent basins. 
